The proto-oncogene ras plays a critical role in cell proliferation and differentiation. However, ras genes are abundantly expressed in the adult CNS, although neuronal cells normally do not proliferate. Recently, several lines of evidence implicated the involvement of Ras signaling pathway in synaptic plasticity. To explore the role of the Ras proteins in the CNS, we generated knock-out mice lacking the H-ras gene and then used them to study the roles of Ras in synaptic transmission and plasticity. An investigation of protein phosphorylation and synaptic transmission in H-ras null mutant mice has shown that the NMDA receptor is a final target molecule of the Ras protein pathway in the CNS. In the H-ras null mutant hippocampus, the tyrosine phosphorylation of NR2A (⑀1) and NR2B (⑀2) subunits of NMDA receptors is increased, and, correspondingly, NMDA synaptic responses are selectively enhanced. In addition, long-term potentiation is markedly enhanced in mutant mice, most likely because of a selective enhancement of NMDA synaptic responses. Therefore, although Ras proteins have been implicated in cell proliferation and differentiation, the regulation of activity-dependent synaptic plasticity in the adult animals by downregulation of the phosphorylation of the NMDA receptor may be another major and pivotal role for H-Ras protein.
It is well established that proto-oncogene ras plays a critical role in cell proliferation and differentiation, as well as in oncogenesis (Lowy and Willumsen, 1993) . In mammals, three distinct ras genes (H-ras, N-ras, and K-ras) have been identified (Ellis et al., 1981; Shimizu et al., 1983; Ruta et al., 1986) , each encoding homologous but distinct 21 kDa proteins. The Ras proteins function as molecular switches that are activated by binding GTP catalyzed by Ras guanine nucleotide exchange factors (GEFs) and inactivated by the conversion of bound GTP to GDP by an intrinsic GTPase activity and GTPase activating proteins (GAPs) (Lowy and Willumsen, 1993) . ras genes are abundantly expressed in the adult mouse CNS (Leon et al., 1987) , and several lines of evidence implicated the involvement of Ras signaling pathway in synaptic plasticity and learning. The mice lacking neuronspecific GEF, Ras-guanine-nucleotide-releasing factor (GRF), showed impairment of LTP in the amygdala despite normal hippocampal long-term potentiation (LTP) (Brambilla et al., 1997) . In addition, an inhibitor of extracellular response kinase cascades, which are activated by activated Ras, inhibits hippocampal LTP induction (English and Sweatt, 1997) . Furthermore, a novel RasGAP, termed p135 SynGAP, that associates with the postsynaptic density (PSD)-95 protein family has been found recently Kim et al., 1998) . These results prompted us to search for the novel functions of the Ras proteins in neural plasticity.
The NMDA receptor plays a central role in development, plasticity, and neurotoxicity in the CNS. LTP of excitatory synaptic transmission in the hippocampus is a candidate for the cellular mechanism underlying neural plasticity, such as learning and memory (Bliss and Collingridge, 1993) . The activation of NMDA receptors (Collingridge et al., 1983) and the influx of Ca 2ϩ to the postsynaptic cell through the receptor (Lynch et al., 1983; Malenka et al., 1988) are essential for the induction of LTP in the CA1 region of the hippocampus. The NMDA receptor is composed of two distinct types of subunits, the NR1 (1) and NR2A-NR2D (⑀1-⑀4) (Kutsuwada et al., 1992; Monyer et al., 1992; Ishii et al., 1993) . The NMDA receptor channel activities are regulated by either a receptor subunit composition or posttranslational modifications. The NMDA receptors are known to be phosphorylated and modulated by serine/threonine kinases, such as protein kinase C (Chen and Huang, 1992) and protein tyrosine kinases (PTKs) (Wang and Salter, 1994) , such as Src family kinases (Yu et al., 1997) .
Here, we report that, in the H-ras deficient mice, tyrosine phosphorylation of NMDA receptors is increased without a change in the subunit composition of NMDA receptors. The magnitude of mutant LTP is almost double that of wild-type mice. This effect is most likely attributable to a selective enhancement of the NMDA synaptic responses induced by an increase in the tyrosine phosphorylation of NMDA receptors. Therefore, the protein encoded by the H-ras gene is a key molecule that regulates LTP induction by the downregulation of the NMDA receptor activity.
MATERIALS AND METHODS
Mice. When comparing wild-type and H-ras(Ϫ/Ϫ) mice, littermates from heterozygous parents were used in most cases, although in some cases, age-matched animals were also used. All experiments using mice were performed in accordance with the animal use guidelines at each institute.
In situ hybridization. The nucleotide sequence of the probe was complementary to the H-ras cDNA (5ЈGCCAGGACCAC TC TCATCGG-GTGGGTTCAGTTTCCGCAATTTATG3Ј). Brains of adult wild-type and mutant mice were quickly removed under ether anesthesia and frozen in powdered dry ice. The sagittal sections were cut on a cryostat at a thickness of 25 m and mounted onto silane-coated glass slides. The sections were immersed in 4% paraformaldehyde for 10 min and acetylated in 0.25% acetic anhydrate -0.1 M triethanolamine, pH 8.0, for 10 min at room temperature. After prehybridization, the sections were incubated overnight at 42°C in the solution containing 50% deionized formamide, 4ϫ SSC (1ϫ SSC: 0.15 M NaC l and 0.015 M sodium citrate, pH7.4), 1ϫ Denhardt's solution (0.02% each of poly vinylpyrolidone, bovine serum albumin, and Ficoll), 1% sodium N-lauroyl sarcosinate (Sarkosyl), 0.1 M phosphate buffer, pH 7.2, 250 g /ml heat-denatured salmon sperm DNA, 10% dextran sulfate, 100 mM dithiothreitol, and 35 S-labeled oligonucleotide probe (5-10 ϫ 10 5 cpm /50 l). The sections were then washed in 0.1ϫ SSC -0.1% Sarkosyl at 50°C four times for 30 min. The sections were exposed to Hyperfilm ␤-max (Amersham Pharmacia Biotech, Uppsala, Sweden) for 2 weeks at room temperature.
Western blot. The hippocampus was homogenized in radioimmunoprecipitation assay (RI PA) buffer (20 mM Tris-HC l, 150 mM NaC l, 0.1% SDS, 1% sodium deoxycholate, 1% Triton X-100, 2 mM EDTA, 50 mM NaF, 1 mM sodium orthovanadate, 20 g /ml aprotinin, and 20 g /ml leupeptin). C ellular fractions containing synaptosomes and PSDs were prepared as described by C arlin et al. (1980) . Proteins were separated by electrophoresis on SDS-PAGE. The proteins were then transferred to the poly vinylidene difluoride (PV DF) membranes (Bio-Rad, Hercules, CA), and immunoblots were probed with monoclonal anti-pan Ras (C albiochem, San Diego, CA), polyclonal anti-H-Ras (Santa Cruz Biotechnology, Santa Cruz, CA), monoclonal anti-N-Ras (Santa Cruz Biotechnology), and monoclonal anti-K-Ras (Santa Cruz Biotechnology) antibodies and were visualized by enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech).
Immunoprecipitation and detection of t yrosine phosphor ylation. Hippocampus lysates were homogenized in RI PA buffer containing 0.5% SDS. After boiling the lysates, they were diluted by RI PA buffer lacking SDS to 0.1% SDS (Sheng et al., 1994) and centrif uged for 20 min at 18,000 ϫ g. The supernatants were incubated at 4°C with protein G-Sepharose (Amersham Pharmacia Biotech) overnight. After centrif ugation, 200 g of precleared lysates were incubated with a monoclonal anti-N R2A antibody (a gift from Dr. S. Nakanishi, Kyoto University Faculty of Medicine, Kyoto, Japan) or affinity-purified polyclonal anti-N R2B antibodies (a gift from Drs. T. Yamamoto and H. Umemori, Institute of Medical Science, University of Tokyo, Tokyo, Japan) raised to synthetic peptide HGAV PGRFQK DI corresponding to amino acids 1407-1418 of N R2B at 4°C for 1 hr. Immune complexes were isolated by the addition of protein G-Sepharose followed by incubation for 1 hr at 4°C. The resulting immune complexes were washed five times with RI PA buffer, resuspended in Laemli sample buffer, and boiled for 5 min. Proteins were separated by SDS-PAGE. The proteins were then transferred to PV DF membranes, and immunoblots were probed with an anti-phosphotyrosine antibody (anti-PY) linked to horse radish peroxidase (RC20:HRPO; Transduction Laboratories, Lexington, K Y). The amount of anti-PY bound to the 180 kDa band was quantified by densitometry of the x-ray films. The ratio of the amount of anti-PY bound in wild-type and mutant mice to the mean of that in wild-type mice on the same blot was calculated, and then the normalized values on different blots were averaged.
To examine the subunit composition and tyrosine phosphorylation of the heteromeric complexes of native NMDA receptors, hippocampal lysates solubilized in RI PA buffer were immunoprecipitated with polyclonal anti-N R1 antibodies (Upstate Biotechnology, Lake Placid, N Y), and immunoblots were probed with polyclonal anti-N R1 (Chemicon, Temecula, CA), polyclonal anti-N R2A (Santa Cruz Biotechnology), polyclonal anti-N R2B (Santa Cruz Biotechnology), anti-PY, and polyclonal anti-PSD-95 (Santa Cruz Biotechnology) antibodies.
The P TK activity was assayed using Universal T yrosine K inase Assay K it (Takara Shuzo, Otsu, Shiga, Japan). The procedure was a modification of that described by Rijksen et al. (1991) . Protein lysates were incubated with a substrate poly(Glu-T yr) immorbilized to microplates and unlabeled ATP in the presence of 1 mM sodium-orthovanadate and 50 mM NaF. After termination of the reaction, the extent of tyrosine phosphorylation was measured by ELISA with anti-phosphotyrosine (PY20:HRPO) and HRPO substrate, 3,3Ј,5,5Ј-tetramethylbenzidine. One unit (U) is defined as the activity of c-Src protein, which can transfer 1 pmol of ␥-phosphate of ATP to the substrate per minute.
The data are expressed as the means Ϯ SEMs. Student's t test was used to determine whether there was a significant difference ( p Ͻ 0.05) in the mean between the two sets of data.
Electrophysiolog y. Hippocampal slices (400-m-thick) were prepared from 6-to 12-week old mice and placed in a holding chamber for at least 1 hr. A single slice was then transferred to the recording chamber and submerged beneath a continuously perf using medium that had been saturated with 95% O 2 and 5% C O 2 . The composition of the medium was (in mM): 119 NaC l, 2.5 KC l, 1.3 MgSO 4 , 2.5 C aC l 2 , 1.0 NaH 2 PO 4 , 26.2 NaHC O 3 , and 11 glucose. All the perf using solutions contained 100 M picrotoxin to block GABA A receptor-mediated inhibitory synaptic responses. The field potential recordings were made with a glass electrode (3 M NaC l) placed in the stratum radiatum. The whole-cell pipette solution contained (in mM): 122.5 cesium gluconate, 17.5 C sC l, 10 H EPES, 0.2 EGTA, 8 NaC l, 2 Mg-ATP, and 0.3 Na 3 -GTP, pH 7.2 (osmolarity 290 -300 mOsm). In the whole-cell recordings, the values of the membrane potential were corrected for the liquid junction potential at the electrode tip. An Axopatch 1D amplifier (Axon Instruments, Foster C ity, CA) was used, and the signal was filtered at 1 kHz, digitized at 5-10 kHz, and stored on an I BM-compatible computer equipped with a Labmaster analog-to-digital board (Axon Instruments). For evoking synaptic responses, a bipolar tungsten stimulating electrode was placed in the stratum radiatum, and Schaffer collateral -commissural fibers were stimulated at 0.1 Hz. For LTP experiments, the stimulus strength was adjusted so that it gave rise to AM PA receptor-mediated EPSPs of the slope value between 0.10 and 0.15 mV/msec. For the analysis of EPSPs, we measured their early rising phase to avoid contamination of voltagedependent components as much as possible. All experiments were done at room temperature. The data are expressed as the means Ϯ SEMs. Student's t test was used to determine whether there was a significant difference ( p Ͻ 0.05) in the mean between the two sets of data. The majority of electrophysiological experiments were performed in a blind manner, and the results were essentially identical to those of the nonblind experiments, and thus all the data were pooled.
RESULTS

Expression of H-ras gene
The distribution of H-ras mRNAs in the brain examined by in situ hybridization showed that the H-ras gene is abundantly expressed in the CNS, including the hippocampus, cerebral cortex, cerebellum, and striatum, of normal mice (Fig. 1a) . A Western blot analysis of the amount of the H-Ras protein in whole-cell extracts from the cerebral cortex or in the fraction containing synaptosomes and mitochondria, the synaptosome fraction, and the PSD fraction (Carlin et al., 1980) showed that H-Ras protein exists in the synaptosome but not in the PSD fraction (Fig. 1e ). Because we confirmed the existence of H-Ras protein in neurons, mice lacking the H-ras gene [H-ras(Ϫ/Ϫ)] were generated to examine the roles of Ras proteins in the CNS. H-ras(Ϫ/Ϫ) mice appeared to be healthy and bred and developed normally. Their life spans were the same as those of the wild-type littermates, and their behavior also appeared to be normal. A histological examination of various brain regions, including the striatum, hippocampus (Fig. 1d) , cerebral cortex, and cerebellum in the mutant mice showed no obvious morphological abnormalities at the micro-scopic level. In situ hybridization analyses of brain slices with oligonucleotide probes indicated that H-ras mRNAs are absent in H-ras(Ϫ/Ϫ) mice (Fig. 1b) . We examined the amount of Ras proteins in the H-ras(Ϫ/Ϫ) hippocampus lysate. Immunoreactivity with an anti-pan Ras antibody that recognizes all three types of Ras protein was drastically decreased in the mutant lysate (Fig. 1f ) compared with that in the wild-type lysate, suggesting that most of Ras proteins are the H-Ras proteins in the mouse hippocampus. The amount of N-Ras or K-Ras proteins was not significantly different between wild-type and H-ras-deficient mice, whereas the H-Ras proteins were absent in H-ras(Ϫ/Ϫ) mice (Fig. 1f ) .
Increase in tyrosine phosphorylation of NMDA receptors without an alteration of the subunit composition in H-ras(؊/؊) mice
We next examined the tyrosine phosphorylation and the subunit composition of NMDA receptors in H-ras(Ϫ/Ϫ) mice. We first examined the tyrosine phosphorylation of NR2A and NR2B after a dissociation of the NMDA receptor complexes (Sheng et al., 1994) . The proteins (200 g) from the wild-type and H-ras(Ϫ/Ϫ) lysates were boiled in 0.5% SDS followed by dilution into RIPA buffer and then were immunoprecipitated with anti-NR2A or anti-NR2B antibodies. The resulting immune complexes were blotted with anti-PY (Fig. 2a) . The amounts of anti-PY bound to both NR2A (155 Ϯ 14% of wild type; n ϭ 16) and NR2B (172 Ϯ 23% of wild type; n ϭ 16) in the H-ras(Ϫ/Ϫ) were significantly larger ( p Ͻ 0.01) than those in the wild type (NR2A, 100 Ϯ 11%, n ϭ 16; NR2B, 100 Ϯ 5%, n ϭ 16). Next, the hippocampus proteins solubilized in RIPA buffer were coimmunoprecipitated by an anti-NR1 antibody to examine the subunit composition and tyrosine phosphorylation of the heteromeric complexes of native NMDA receptors in wild-type and mutant mice. The amount of NR1, NR2A, and NR2B coprecipitated with the anti-NR1 antibody was not altered in the H-ras(Ϫ/Ϫ) lysates (Fig. 2b) . The same blot probed with anti-PY showed a single 180 kDa band (Fig. 2b, bottom right) . Because no 180 kDa tyrosine-phosphorylated protein other than NR2A or NR2B is known in the NMDA receptor complex, the tyrosine phosphorylation of the 180 kDa protein coprecipitated with the anti-NR1 antibody is likely to correspond to that of NR2A and NR2B. Anti-PY bound to the 180 kDa protein was significantly larger ( p Ͻ 0.05) in the H-ras(Ϫ/Ϫ) lysates (137 Ϯ 3% of wild type; n ϭ 3) than that in the wild type (100 Ϯ 18%; n ϭ 3) (Fig. 2b) , suggesting that the phosphorylation of NR2A and NR2B was increased in the NMDA receptor complex in the H-ras(Ϫ/Ϫ) mice. Furthermore, we examined the amount of PSD-95 proteins that may be required for the localization of NMDA receptors to synapses and found that the amount of PSD-95 proteins in the NMDA receptor complex is not significantly changed in H-ras(Ϫ/Ϫ) mice (Fig. 2c) .
Because we found the increase of tyrosine phosphorylation of NR2A and NR2B in the H-ras(Ϫ/Ϫ) hippocampus, we measured PTK activity with the synthetic peptide poly(Glu-Tyr) as a general PTK substrate in the hippocampal lysates in the presence of tyrosine phosphatase inhibitors (Rijksen et al., 1991) . The H-ras(Ϫ/Ϫ) lysates had a significant 18% increase in the activity of PTKs when compared with wild-type lysates (wild type, 3.03 Ϯ 0.09 ϫ 10 Ϫ2 U/g, n ϭ 8; H-ras(Ϫ/Ϫ), 3.56 Ϯ 0.13 ϫ 10 Ϫ2 U/g, n ϭ 8; p Ͻ 0.01). These results suggest that H-Ras proteins regulate NMDA receptors by downregulation of tyrosine phosphorylation without changing the subunit composition and interaction between NMDA receptors and PSD-95 proteins in normal animals.
Upregulation of NMDA receptor-mediated synaptic responses in H-ras-deficient mice
We next investigated excitatory synaptic transmission in hippocampal slices of H-ras(Ϫ/Ϫ) and wild-type mice to study the effects of these biochemical changes on the synaptic functions in the CNS. EPSCs were evoked in CA1 pyramidal cells using whole-cell patch-clamp techniques by stimulating Schaffer collateral-commissural fibers in the stratum radiatum. We first examined whether NMDA receptor-mediated EPSCs are modified by the increase in phosphorylation of NMDA receptor subunits in H-ras(Ϫ/Ϫ) mice (Fig. 3a,b) . AMPA receptor-mediated EPSCs were recorded at a membrane potential of Ϫ90 mV in a voltageclamp mode. NMDA EPSCs were then measured at the same stimulus strength in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 M), a non-NMDA receptor antagonist, at ϩ40 mV to relieve the voltage-dependent Mg 2ϩ block of the NMDA receptor channel (Mayer et al., 1984; Nowak et al., 1984) . The ratio of NMDA to AMPA EPSC amplitudes (Sakimura et al., 1995) was significantly larger ( p Ͻ 0.02) (Fig. 3b ) in H-ras(Ϫ/Ϫ) mice (59.9 Ϯ 5.2%, n ϭ 12 cells and 6 mice) than in wild-type mice (44.3 Ϯ 4.9%, n ϭ 13 cells and 7 mice), suggesting that the modulation of NMDA receptors may enhance the NMDA synaptic responses in H-ras(Ϫ/Ϫ) mice. However, it is also possible that the larger NMDA/AMPA ratio is attributable to a selective reduction of AMPA synaptic responses. To differentiate these possibilities, we examined the input-output relationships of the AMPA and NMDA EPSPs in wild-type and H-ras(Ϫ/Ϫ) mice using extracellular field potential recording techniques. The input-output relationship of the AMPA synaptic responses was similar in both groups (Fig. 3d) , but NMDA synaptic responses were larger in mutant mice (Fig. 3e) , indicating that the larger NMDA/AMPA ratio observed in the whole-cell recordings is attributable to an absolute increase in the NMDA synaptic responses in H-ras(Ϫ/Ϫ) mice.
The enhanced NMDA synaptic responses could be introduced by changes in the biophysical properties of the receptor. However, the rise time (wild type, 13.5 Ϯ 0.3 msec, n ϭ 13 cells and 7 mice; H-ras(Ϫ/Ϫ), 13.1 Ϯ 0.4 msec, n ϭ 12 cells and 6 mice; Figure 2 . Tyrosine phosphorylation of NR2A and NR2B in the wild-type (ϩ/ϩ) and H-ras(Ϫ/Ϫ) hippocampus. a, Hippocampal proteins (200 g) solubilized in boiling SDS followed by dilution into RIPA buffer were incubated with anti-NR2A or anti-NR2B antibodies. Immunoprecipitation (IP) with anti-NR2A or anti-NR2B antibodies was separated by SDS-PAGE and immunoblotted with the anti-PY. The amount of antibodies bound to each band was quantified by densitometry of the x-ray films, and values were normalized to the mean of wild-type values. The normalized amount of anti-PY bound to NR2A and NR2B in H-ras(Ϫ/Ϫ) mice was significantly larger ( p Ͻ 0.01) than that in wild-type mice. The insets are representative immunoblots with the anti-PY. b, Hippocampus proteins (200 g) solubilized in RIPA buffer were incubated with an anti-NR1 antibody. Immunoprecipitation with the anti-NR1 antibody was separated by SDS-PAGE and transferred to PVDF membrane. The membrane was then analyzed by sequential blotting using anti-NR1, anti-NR2A, anti-NR2B, and anti-PY antibodies. The amount of NR1, NR2A, and NR2B coprecipitated with the anti-NR1 antibody was not altered in the H-ras(Ϫ/Ϫ) lysates. Tyrosine phosphorylation of 180 kDa proteins coprecipitated with the anti-NR1 antibody was significantly larger ( p Ͻ 0.05) in the H-ras(Ϫ/Ϫ) lysates than that in the wild type. The insets are representative immunoblots with each antibody. c, The membrane blotted with the same immunoprecipitation as in b was analyzed by sequential blotting using anti-NR1 and anti-PSD-95 antibodies. The amount of PSD-95 coprecipitated with the anti-NR1 antibody was not significantly changed in the H-ras(Ϫ/Ϫ) lysates. p Ͼ 0.2) and the decay time constant (wild type, 57.5 Ϯ 4.2 msec; H-ras(Ϫ/Ϫ), 55.2 Ϯ 4.2 msec; p Ͼ 0.3) of the NMDA synaptic currents measured at ϩ40 mV with whole-cell recordings were similar between the wild-type and H-ras(Ϫ/Ϫ) mice, indicating that the kinetics of the NMDA receptors is not modified in the H-ras(Ϫ/Ϫ) mice. Furthermore, the I-V curves of wild-type and mutant mice were almost superimposable (Fig. 3c) , which suggests that the larger NMDA synaptic responses are not caused by a modulation of the voltage-dependent Mg 2ϩ block of the NMDA receptor. It is thus possible that the enhanced synaptic NMDA responses in H-ras(Ϫ/Ϫ) mice are associated with an increase in the single channel conductance of the existing receptor channel and/or an increase in the number of active NMDA receptor channels.
Enhanced LTP in H-ras-deficient mice
It is well established that the induction of LTP at the Schaffer collateral-commissural-CA1 synapse is mediated by the activation of postsynaptic NMDA receptors (Collingridge et al., 1983; Nicoll and Malenka, 1995) . EPSPs were recorded in the CA1 region using extracellular field potential recording techniques. The stimulation of afferent fibers evoked AMPA receptormediated EPSPs in the stratum radiatum. The tetanic stimulation of the afferent fibers (100 Hz for 1 sec, repeated twice at a 10 sec interval) gave rise to LTP of excitatory synaptic transmission in wild-type mice (Fig. 4a,b) . The magnitude of LTP in the H-ras(Ϫ/Ϫ) mice induced by the same conditioning was remarkably larger than that in the wild-type mice (Fig. 4a,b) . The induction of LTP in the H-ras(Ϫ/Ϫ) mice was completely blocked by the NMDA receptor antagonist D-2-amino-5-phosphonovaleric acid (D-APV) (50 M; n ϭ 2 slices and 1 mouse), indicating that the increased magnitude of LTP was not caused by the addition of NMDA receptor-independent potentiation. In some separate experiments, to examine whether the synaptic NMDA responses during the conditioning for inducing LTP are also larger in mutant mice, depolarization caused by tetanic stimulation was measured (Fig. 4c,d ). As expected, the component of depolarization that was sensitive to D-APV was significantly larger in the H-ras(Ϫ/Ϫ) mice [the ratio of NMDA receptor-dependent depolarization to AMPA receptor-dependent depolarization (see the figure legend): wild-type, 61.5 Ϯ 11.0%, n ϭ 4 slices and 4 mice; H-ras(Ϫ/Ϫ), 94.8 Ϯ 11.3%, n ϭ 5 slices and 5 mice; p Ͻ 0.04], indicating that the NMDA receptor is more active in H-ras(Ϫ/Ϫ) mice during tetanic stimulation.
Although the larger magnitude LTP in H-ras(Ϫ/Ϫ) mice is most likely attributable to the enhanced NMDA receptor activity, it is also possible that a change in the presynaptic transmitter release probability may be involved in the modulation of LTP. We thus examined the paired-pulse facilitation (PPF) (Zucker, 1989; Manabe et al., 1993) of AMPA receptor-mediated EPSCs to assess whether H-ras knock-out may affect the presynaptic release mechanisms. PPF induced at an interstimulus interval of 50 msec was not significantly different ( p Ͼ 0.3) between wild-type (1.85 Ϯ 0.06, n ϭ 18 cells and 9 mice) and H-ras(Ϫ/Ϫ) (1.89 Ϯ 0.08, n ϭ 12 cells and 6 mice) mice (Fig. 5a,b) , suggesting that presynaptic release probability is not affected by H-Ras proteins.
The data presented above strongly suggest that the enhanced LTP in H-ras(Ϫ/Ϫ) mice results from the larger synaptic NMDA responses. If the enhanced LTP is solely a result of an increased Ca 2ϩ influx through the NMDA receptors and not a result of a modification of LTP expression mechanisms, then the LTP saturation level of the H-ras(Ϫ/Ϫ) mice should be similar to that of the wild-type mice. To saturate LTP, high-frequency stimulation was repeatedly applied until there was no more potentiation (Fig. 5c ). The saturation level of H-ras(Ϫ/Ϫ) slices (229.8 Ϯ 15.6% of control, n ϭ 4 slices and 4 mice) was not significantly different ( p Ͼ 0.3) (Fig. 5d) from that of wild-type slices (222.3 Ϯ 21.1%, n ϭ 4 slices and 4 mice), suggesting that the expression mechanisms are unchanged. Because many reports suggest that LTP is expressed, at least in part, by an increase in AMPA receptor sensitivity (Davies et al., 1989; Manabe et al., 1992; Manabe and Nicoll, 1994; Isaac et al., 1995; Liao et al., 1995) , the larger magnitude of LTP could be explained by a downregulation of the AMPA receptor in naive slices from the H-ras(Ϫ/Ϫ) mice, which could also account for the higher ratio of NMDA/AMPA synaptic responses (Fig. 3a,b) . However, the results of the LTP saturation experiments, together with those of the experiments examining the input-output relationships of AMPA responses (Fig. 3d) , rule out this possibility, because the saturation level of LTP in the H-ras(Ϫ/Ϫ) mice should be higher than that in the wild-type mice if the basal level of AMPA sensitivity in H-ras(Ϫ/Ϫ) mice is lower. It is thus unlikely that the enhanced LTP in H-ras(Ϫ/Ϫ) mice is attributable to a downregulation of the AMPA receptor sensitivity, thus further supporting the se- NMDA receptor-dependent depolarization was calculated by subtracting the value in APV from that after washout, which included both NMDA and AMPA receptor-mediated depolarization. In the presence of APV, depolarization solely mediated by AMPA receptors was recorded. NMDA receptor-dependent depolarization was calculated by subtracting AMPA receptor-dependent depolarization from the total depolarization in the absence of APV. The ratio of NMDA to AMPA receptor-dependent depolarization was significantly larger ( p Ͻ 0.04) in the H-ras(Ϫ/Ϫ) than in wild-type mice.
lective enhancement of the NMDA synaptic responses in H-ras(Ϫ/Ϫ) mice.
DISCUSSION
The NMDA receptor channel plays a central role in the development (McDonald and Johnston, 1990) , plasticity (Malenka and Nicoll, 1993) , and neurotoxicity (Choi, 1988) in the CNS. The essential role of NMDA receptors in synaptic plasticity, in particular in the CA1 region of the hippocampus, has been described by many researchers (Malenka and Nicoll, 1993) . When NMDA receptor activation is blocked by an antagonist, LTP induced by standard procedures is inhibited (Collingridge et al., 1983) . The knockout of one of the NMDA receptor subunits, NR2A, causes a reduction in the NMDA synaptic responses in the CA1 region, resulting in a decrease in the magnitude of LTP (Sakimura et al., 1995) . Furthermore, a partial blockade of NMDA receptor activity results in no change or, in some cases, in long-term depression of synaptic transmission, depending on the degree of the blockade (Cummings et al., 1996) . However, it is unknown as to whether LTP is enhanced when the NMDA responses are increased. In our present study, NMDA synaptic responses were selectively enhanced without apparent changes in the presynaptic release probability in H-ras(Ϫ/Ϫ) mice, thus enabling us to examine the effect of a selective enhancement of NMDA receptor activity on LTP induction. Recently, two kinds of knock-out mice, the nociceptin receptor-deficient mice (Manabe et al., 1998) and the PSD-95-deficient mice (Migaud et al., 1998) , have been reported to show an enhancement of LTP. Because both knock-out mice showed normal NMDA synaptic responses, the mechanism of the enhancement of LTP in our H-ras(Ϫ/Ϫ) mice is different from those in the nociception receptor-and PSD-95-deficient mice. Furthermore, we confirm that the amount of PSD-95 in the NMDA receptor complex coimmunoprecipitated with an anti-NR1 antibody is not significantly changed in H-ras(Ϫ/Ϫ) mice, suggesting that the increase in LTP produced by loss of H-Ras does not involve a decrease in PSD-95 expression.
We found that the tyrosine phosphorylation of NR2A and NR2B subunits of NMDA receptors was increased in the H-ras(Ϫ/Ϫ) hippocampus. The NMDA synaptic responses were increased in baseline synaptic transmission, as well as during tetanic stimulation. The potentiated NMDA synaptic response is probably attributable to the increase in tyrosine phosphorylation of the postsynaptic receptors in the mutant mice, because the tyrosine phosphorylation of NMDA receptors is reported to enhance the activity of NMDA receptor (Wang and Salter, 1994; Yu et al., 1997) . Thus, the regulation of synaptic plasticity via its regulation of the NMDA receptor phosphorylation in the adult CNS may be a novel H-Ras function. The signal transduction pathway from H-Ras proteins to NMDA receptors remains to be elucidated. It has been shown that PTKs, such as Src family kinases, exist upstream of Ras in signal transduction and positively regulate Ras activities (Sadoshima and Izumo, 1996) . Our results suggest that the Ras protein inhibits the PTK activities on NMDA receptors by an unknown pathway.
We, however, could not exclude the possibility that upregulation of NMDA synaptic responses and enhancement of LTP in H-ras(Ϫ/Ϫ) mice might be caused indirectly by an impairment in neuronal development but not directly by the lack of H-Ras in adult hippocampal neurons, because H-Ras proteins have been shown to play a critical role in the proliferation and development in a variety of cell types and at different developmental stages. In that case, upregulation of tyrosine phosphorylation of NMDA receptors might be caused by the absence of H-Ras during development but not by the deficiency of H-Ras-mediated pathways acutely activated by the extracellular signals in the adult hippocampus. In addition, H-ras(Ϫ/Ϫ) hippocampus might have morphological changes on the subcellular level, such as increase of dendritic spines expressing NMDA receptors but not AMPA receptors, although we could not find a significant morphological abnormality in H-ras(Ϫ/Ϫ) brain, including the hippocampus. Furthermore, the larger depolarization and enhancement of LTP could be explained by the modification of voltage-dependent channels in the H-ras(Ϫ/Ϫ) mice. However, we did not observe any difference between the wild-type and H-ras(Ϫ/Ϫ) mice in the depolarization during the tetanus in the presence of APV (Fig.  4c) , suggesting that the voltage-dependent component may not be modulated by the mutation. Even in the presence of APV, the depolarization during tetanus is very large, which should activate voltage-dependent channels considerably. Thus, it is rather unlikely that the modulation of voltage-dependent channels is the primary cause of the enhancement of LTP.
Ras proteins are activated by GEFs, which promote the exchange of bound GDP for GTP, and inactivated by GAPs, which stimulate the intrinsic Ras GTPase activity. Ras GEFs include Ras-GRF (CDC25 Mm ) (Martegani et al., 1992; Shou et al., 1992) and Ras-GRF2 (Fam et al., 1997) , mSOS1 and mSOS (Bowtell et al., 1992; Chardin et al., 1993) , Ras-GRP (calcium-and diacylglycerol-regulated GEFII) (Ebinu et al., 1998; Kawasaki et al., 1998) , and SmgGDS (Mizuno et al., 1991) . Of these, mice lacking Ras-GRF showed normal LTP, although the analysis on Figure 5 . The LTP modulation is not mediated by a change in presynaptic release mechanisms but by a change in the postsynaptic induction mechanism. a, PPF of synaptic responses was induced by delivering afferent fiber stimulation twice at an interstimulus interval of 50 msec. Cells were voltage-clamped at Ϫ90 mV. b, Averaged values of PPF. The facilitation ratios were calculated by dividing the amplitude of the second EPSCs by that of the first EPSCs. Ten consecutive traces were averaged, and the amplitude of the averaged trace was measured. There was no significant difference in PPF between the wild-type and H-ras(Ϫ/Ϫ) mice. c, The saturation level of LTP in the H-ras(Ϫ/Ϫ) mice is similar to that in the wild-type mice. Examples of LTP saturation in the wild-type and the H-ras(Ϫ/Ϫ) mouse. Tetanic stimulation was repeatedly applied at the times indicated by the arrows. Each data point represents an averaged slope value of six consecutive EPSPs, normalized to the value during the control period. d, Summary of LTP saturation measurements. There was no significant difference between the two groups.
